Thick anodic oxide film with high photocatalytic activity was prepared successfully in 1.5 kmol/m 3 H 2 SO 4 -0.3 kmol/m 3 H 2 O 2 with 0.03-0.09 kmol/m 3 H 3 PO 4 in a one-pot process. Increasing H 3 PO 4 concentration in the range of 0-0.3 kmol/m 3 suppressed spark discharge, resulting in a higher anatase-to-rutile ratio and fewer lower-valent titanium oxides in the anodized films. The photocatalytically active films consisted of a mixture of anatase and rutile crystallites with a small amount of Ti 3þ ions, and had very rough surface with a large number of pores with a diameter on the order of micrometers. The film prepared in the 1.5 kmol/m 3 H 2 SO 4 -0.3 kmol/m 3 H 2 O 2 -0.03 kmol/m 3 H 3 PO 4 dispersed with TiO 2 nanoparticles was the most active photocatalytically among the films obtained, and exhibited antibacterial activity.
Introduction
Photocatalytic TiO 2 (anatase) has been investigated for processes such as removal of harmful substances from water; removal of volatile organic compounds (VOC) such as formaldehyde; anti-bacterial, anti-fungal, and anti-fouling materials; and dye-sensitized solar cells. 1) Photocatalytic TiO 2 films have been prepared by processes such as sol-gel, CVD, and electroplating. However, the resulting films have serious durability problems because of thin film thickness (<1 mm). In contrast, thick anodized films of titanium are formed over spark discharge voltage in binary (H 3 PO 4 -H 2 SO 4 ) or trinary (H 3 PO 4 -H 2 SO 4 -H 2 O 2 ) baths with repetitive dielectric breakdown.
2) Hard gray anodized films consisting mainly of anatase TiO 2 with a thickness greater than several mm are in industrial use. However, these films are photocatalytically inactive because they contain lowvalent titanium oxides (Ti n O 2nÀ1 ; n: positive integer), which deactivate the films. 3, 4) Re-anodization in a mixture of NH 4 HF 2 and H 2 O 2 preferentially eliminates Ti n O 2nÀ1 , producing photocatalytically active films (2-step anodization). 5, 6) The activity is increased further by fixing TiO 2 and SnO 2 particles on the surface of anodized films, as compared with TiO 2 alone. 7, 8) However, these active films are produced by the 2-step anodization method, which is time-consuming and expensive and could have adverse effects on the product.
The goal of this study was to achieve a one-pot method for preparing thick anodized titanium plates with high photocatalytic activity.
Experimental

Preparation
A commercially pure titanium plate (JIS H4600, class 1) served as a titanium substrate (30 mm Â 50 mm Â 0.4 mm [W Â L Â T]) and was anodized under direct constant current (current density: 3 ). Maximum voltage was 240 V during anodic oxidation. The titanium substrate was employed as a cathode as well as an anode with a distance of 5 cm between electrodes. Total anodizing time was 80 minutes. Bath temperature was controlled in the range of 290-303 K. After anodization, the substrate was washed with water and dried. AMT-600 (TAYCA Corporation; 20 g), used as a photocatalyst, was added to the electrolytic bath to obtain anodized films with high photocatalytic activity. When the potential rose sharply to 240 V within 80 minutes, the anodizing was stopped. In the other cases, titanium substrates were anodized for 80 minutes.
Characterization
The anodic oxide films were characterized by measurements such as film thickness, color, scanning electron microscopy (SEM), X-ray diffraction (XRD), UV/Vis/NIR spectroscopy, electron spin resonance (ESR) spectroscopy, X-ray photoelectron spectroscopy, and photocatalytic activity.
Potential-time and current-potential curves
To explore the influence of H 3 PO 4 addition on electrolytic behavior during anodization, potential-time (E a -t a ) and current-potential (I-E a ) curves were obtained using a potentiostat/galvanostat (Hokuto Corporation HA-3001A) at I d = 1.0-3.0 Adm À2 and a voltage-increase rate of 6 mV s À1 . An Ag/AgCl electrode was used as a reference electrode.
Film thickness
Film thickness (T/mm) for anodic oxide films on titanium substrates was measured by a high-frequency eddy current method using a CGX-B2 thickness meter.
Color
The L Ã value (psychometric lightness) of the anodized films was measured by a colorimeter/color-difference meter (Minolta CR-300) using L Ã a Ã b Ã color system for investigating the influence of the anodized condition on color.
SEM observation
To investigate the effect of the anodized condition on surface morphology of the films, the film surface was observed with a field emission scanning electron microscope (FE-SEM; Hitachi S-800) at an acceleration voltage of 20 kV.
XRD measurement
XRD patterns of anodic oxide films were obtained with a Rigaku RINT 2500 instrument using Cu-K as an X-ray source (40 kV to 80 mA).
Electronic spectra measurement
Electronic spectra were measured with a Hitachi U-4000 spectrometer in the wavelength range of 250-1750 nm to investigate the effect of preparation condition of anodized films on color. D 2 and W lamps were used at wavelengths of 250-340 nm and 340-500 nm, respectively.
ESR measurement
For investigating the radical content in anodized films, electron spin resonance (ESR) spectra were recorded with a JEOL TE200 spectrometer at a microwave frequency of 100 kHz in the magnetic field in the range of 0-1200 mT. Anodized film was carefully removed from the anodized titanium plate for use as a sample.
XPS measurement
XPS spectra were recorded with an X-ray photoelectron spectrometer (Shimadzu ESCA850) using MgK as the Xray source (8.0 kV to 30 mA).
Evaluation of photocatalytic activity
Photocatalytic activity was evaluated using the photooxidation decomposition reaction of CH 3 CHO gas. After a sample was placed in the reaction vessel, a standard CH 3 CHO gas (CH 3 CHO/N 2 ) at 500 ppm was introduced into the vessel (40 kPa) and diluted with air to reach normal pressure. Then, the sample was irradiated using a Xe lamp (Wacom, model XDS-301S) at room temperature. Gas (0.5 mL) was removed from the reaction vessel every 15 minutes, and the concentration of acetaldehyde in the gas phase was measured using a gas chromatograph (Shimadzu GC-9). The photocatalytic activity measurement used was described in a previous paper. [6] [7] [8] 
Antibacterial activity
Antibacterial activity was measured by the film adherence method under the fluorescence light for the TiO 2 -fixed anodized titanium film by using Escherichia coil bacteria, staphylococcus aureus bacteria and Legionella bacteria. The activity was evaluated by counting the number of bacteria before and after UV/Vis irradiation for 24 hours at 35 C.
Results and Discussion
Potential-time and current-potential curves
Porous anodized films on titanium plates were grown macroscopically by spark discharge 9) in connection with repetitive dielectric breakdown. Gas was generated vigorously at the surface of anodized films at E a < 100 V for all baths, and spark discharge was observed at the surface of the anode titanium plate at E a ! 100 V. Then, spark discharge was intensified as E a increased. Figure 1 represents electric potential-time (E a -t a ) curves during anodic oxidation in the standard baths at different
The elevated rate of E a at C a > 0 kmol/m 3 became moderate at t a > 10 min. Ultimate potential increased with increasing C a . The E a value reached the upper output limit (240 V) of the electric power unit at C a ¼ 0:3 kmol/m 3 , resulting in no visible spark discharge under the potential-over. .03 kmol/m 3 with TiO 2 particles. The significant peak observed near E a ¼ 15 V in all of the curves is attributed to production of insulating film several nanometers thick.
2) The I value was stable at E a ¼ 15-80 V, but vacillated slightly at values of E a > 80 V. This phenomenon destroys the insulating film. The I value begins to fluctuate widely at E a ; 90 V, which increases when E a ! 100 V, where visible spark discharge was observed. Judging by visual recognition, the spark discharge was generated most heavily in the standard bath. Moreover, the spark discharge occurred at smaller E a and I d values at C a > 0 when compared to C a ¼ 0. In the I-E a curves besides C a ¼ 0:3 kmol/m 3 , E a did not reach 200 V because the limits of detection for I (1.2 A) were exceeded, due to a relative low supremum of the current value as measured by potentiostat/ galvanostat. The I value increased with vigorous spark discharge at E a ! 100 V. Figure 3 demonstrates the decrease in film thickness (T/ mm) of the anodic oxide films prepared at 0 C a 0:3 kmol/m 3 with increasing C a . Thickness was 14.7 mm for the standard film. The thickness of the film prepared at C a ¼ 0:3 kmol/m 3 was 5.5 mm, approximately one-third that of the standard film. These results indicate that the standard film grew rapidly due to vigorous spark discharge, whereas moderate spark discharge retarded film growth at C a > 0 kmol/m 3 . Moreover, the film prepared at C a ¼ 
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M. Iwasaki, Y. Iwasaki, H. Tada and S. Ito 0:3 kmol/m 3 exhibited poor growth because spark discharge did not occur at t a > 12 minutes due to the potential-over. Figure 4 shows XRD patterns for anodized films prepared at C a ¼ 0-0.3 kmol/m 3 . Peaks attributed to rutile alone were seen in the diffraction pattern of the film prepared at C a ¼ 0.
XRD measurement
The anatase-to-rutile ratio, calculated from peak intensities, was fairly large for the films prepared at C a > 0:09 kmol/m 3 . Only anatase peaks were observed for the film obtained at C a ¼ 0:3 kmol/m 3 . The crystalline transformation of anatase to rutile is associated with local exothermic heat caused by the spark discharge. As the standard film consisted only of rutile crystallites, large spark discharge energy was likely generated at C a ¼ 0. In contrast, H 3 PO 4 addition provided less energy to films consisting mainly of anatase. 3 ) had a very rough surface with many pores of ca. 0.5 mm in diameter, whereas films prepared at C a > 0 kmol/m 3 had fewer but larger pores compared to the standard film. The film prepared at C a ¼ 0:3 kmol/m 3 had pores approximately 1.5 mm in diameter and a smooth surface. These results suggest that surface morphology of the anodized film is strongly influenced by C a ; increasing C a decreases the surface area of films.
SEM observations
Figures 6 shows SEM micrographs of cross sections of anodized films obtained at (a) C a ¼ 0:03 kmol/m 3 and (b) 0.3 kmol/m 3 . The film in Fig. 6 (a) possessed a sponge-like structure and contained many interspaces. In contrast, the film prepared at C a ¼ 0:3 kmol/m 3 had no interspaces, and its interface between the titanium substrate and the anodized film was barely recognizable. These results indicate that the former grew rapidly under vigorous spark discharge, but the latter grew slowly due to moderate spark discharge. was dark gray (L Ã value: 50), suggesting that a certain amount of Ti n O 2nÀ1 was generated in the film. 6) Therefore, this film likely consists of black Ti n O 2nÀ1 as well as white TiO 2 . Figure 9 shows the changes in Ti 3þ -to-Ti ratio and radical number (n) against L Ã value for several anodized films. Ca=0.3
XPS and ESR measurements
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Ca=0.09 Ca=0 well as n, indicating that gray films had more Ti 3þ . The Ti 3þ / Ti ratio calculated from n was similar to that obtained from XPS. For example, Ti 3þ /Ti of the film prepared at C a ¼ 0:03 kmol/m 3 was 0.066 from ESR data, similar to that obtained from XPS (0.061). Thus, it is obvious that increasing C a caused an increase in Ti 3þ /Ti ratio as well as in n. Figure 10 shows: (A) variation of CH 3 CHO concentration with time (t L /h) and (B) apparent rate constant of photocatalytic activity (k/h À1 ) of the films as a function of C a . Since CH 3 CHO decreased under UV/Vis irradiation, the anodized films were photocatalytically active, except for the film obtained at C a ¼ 0:3 kmol/m 3 , The k value was calculated in accordance with the first-order rate law. 12) The k values for the standard film and films prepared at C a = 0.03-0.09 kmol/m 3 were 0.16 h À1 and ca. 0.4 h À1 , respectively. The k value decreased dramatically at C a > 0:09 kmol/m 3 , and reached 0.1 h À1 for the film obtained at C a ¼ 0:3 kmol/m 3 . Ti n O 2nÀ1 reduces the quantum efficiency of photocatalytic reactions. 13) A similar trend was seen in these experiments, as demonstrated by Figs. 9 and 10, except for the standard film consisting only of rutile crystallites. The film prepared at C a ¼ 0:03 kmol/m 3 was the most photocatalytically active (k ¼ 0:41 h À1 ), since the film contained a very small amount of Ti n O 2nÀ1 and consisted of a mixture of anatase and rutile. In contrast, the standard film, which contained the smallest amount of Ti n O 2nÀ1 of all the films, was barely active because only rutile crystallites formed in the film. The photocatalytic activity for the film obtained at C a ¼ 0:03 kmol/m 3 likely was enhanced by rutile-anatase coupling, which improves charge splitting between electrons and holes, together with low Ti 3þ content and relatively high specific surface. 14) 3.8 Dependence of current density on the characteristics of films Pore size in anodized films was independent of I d ranging from 1-3 Adm À2 . I d strongly affected final bath voltage, film thickness (T), L Ã value, and anatase-to-rutile ratio. Increasing I d resulted in an increase of final bath voltage and T. In contrast, the anatase-to-rutile ratio decreased with increasing I d , as demonstrated by XRD patterns of the films prepared at I d ¼ 1:0 and 3.0 Adm À2 (Fig. 11) . These results probably are caused by smaller spark discharges that produce films with less rutile and more Ti n O 2nÀ1 , since E a decreases considerably at I d < 
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Dependence of TiO 2 fixation on film characteristics
The I-E a curve recorded at C a ¼ 3:0 in a bath containing TiO 2 nanoparticles, shown in Fig. 2(d) , was the same as that recorded in a non-TiO 2 bath [ Fig. 2(b) ], indicating that TiO 2 addition does not influence anodizing behavior. SEM micrographs of the film prepared in the TiO 2 -dispersing bath, as shown in Fig. 5(d) , show nanometer-sized anatase particles 
